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ABSTRACT
Aims. We present V and R photometry of the gravitationally lensed quasars WFI 2033-4723 and HE 0047-1756. The data were taken by the
MiNDSTEp collaboration with the 1.54 m Danish telescope at the ESO La Silla observatory from 2008 to 2012.
Methods. Differential photometry has been carried out using the image subtraction method as implemented in the HOTPAnTS package, addition-
ally using GALFIT for quasar photometry.
Results. The quasar WFI 2033-4723 showed brightness variations of order 0.5 mag in V and R during the campaign. The two lensed components of
quasar HE 0047-1756 varied by 0.2–0.3 mag within five years. We provide, for the first time, an estimate of the time delay of component B with
respect to A of ∆t = (7.6±1.8) days for this object. We also find evidence for a secular evolution of the magnitude difference between components A
and B in both filters, which we explain as due to a long-duration microlensing event. Finally we find that both quasars WFI 2033-4723 and
HE 0047-1756 become bluer when brighter, which is consistent with previous studies.
Key words. gravitational lensing: micro – techniques: photometric – quasars: general
1. Introduction
Quasar microlensing is caused by compact objects along the
line of sight towards quasars, which are multiply imaged by
foreground lensing galaxies (Chang & Refsdal 1979; Gott 1981;
Young et al. 1981). The perturbative effect on the quasar im-
ages consists of brightness variations up to a magnitude over
timescales of weeks to years. Multiply imaged quasars are par-
ticularly suitable for isolating microlensing variations, which
rise in an uncorrelated fashion between the images, in contrast
to the intrinsic quasar fluctuations, which appear in all quasar
images after a certain time delay. Quasar microlensing can be
used as a method to study the structure of quasars, since the am-
plification of the microlensing signal depends on the size of the
quasar emitting region. It also works as a probe for the exis-
tence of compact objects between the observer and the quasar
and for their mass distribution. Moreover, the measurement of
time delays constitutes an indirect measurement of the cosmo-
logical constant H0 (Refsdal 1964).
? Based on data collected by MiNDSTEp with the Danish 1.54 m
telescope at the ESO La Silla observatory.
?? Sagan visiting fellow.
??? Royal Society University Research Fellow.
???? Also Directeur de Recherche honoraire du FRS-FNRS.
Here we present the multi-band photometry of two lensed
quasars, WFI 2033-4723 and HE 0047-1756, in the V and R
spectral bands, observed with the 1.54 m Danish telescope at
the ESO La Silla observatory (Chile), in the framework of the
MiNDSTEp quasar monitoring campaign from 2008 to 2012.
We applied the Alard (2000) image subtraction method (see also
Alard & Lupton 1998), as implemented in the HOTPAnTS sub-
traction package by A. Becker (Becker et al. 2004), and then
carried out difference image photometry. The main advantage
of this approach is that photometry on difference images does
not require us to model the foreground lens galaxy, since it is
removed after subtraction. Below we summarize the main prop-
erties of the observed quasars (Sect. 2). In Sect. 3 we present the
observations of the quasars. Section 4 treats the image subtrac-
tion method at length. The light curves of WFI 2033-4723 and
HE 0047-1756 are shown in Sect. 5, which also includes a mea-
surement of the time delay between the components of HE 0047-
1756. We discuss our results in Sect. 6.
2. Short notes on WFI 2033-4723 and HE0047-1756
2.1. WFI 2033-4723
The quadruply imaged quasar WFI 2033-4723, see Fig. 1, was
discovered by Morgan et al. (2004); the four lensed images at
redshift zQ = 1.66 show a maximum angular separation of
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Fig. 1. V-band image of WFI 2033-4723 obtained by stacking the
14 best seeing and sky background images (V-band template image).
The quasar and star, which we use both as a constant reference and PSF
model, are labelled. The four lensed QSO components are enlarged in
the darker box. The field size is 9.7 arcmin × 9.5 arcmin. The stamps
used for the kernel computation are defined as 17-pixel squares (see
Sect. 4).
2.53′′. Eigenbrod et al. (2006) found that the lens galaxy spec-
trum is consistent with an elliptical or S0 template at redshift
zL = 0.661 ± 0.001. Vuissoz et al. (2008) determined the time
delays as ∆tB−C = 62.6+4.1−2.3 days and ∆tB−A = 35.5 ± 1.4 days
between components C and B, and A and B, respectively, where
A indicates the combination of images A1 and A2. Since A1 and
A2 are predicted to have a negligible relative time delay, they are
treated as a blend by Vuissoz et al. (2008).
2.2. HE0047-1756
The quasar HE 0047-1756, see Fig. 2, was discovered in the ESO
Hamburg quasar survey (Wisotzki et al. 1996; Reimers et al.
1996; Wisotzki et al. 2000). Wisotzki et al. (2004) found that the
quasar is in fact a lensed system with two observable images that
are separated by ∆θ = 1.44′′ and these authors estimated the
quasar redshift at zQ = 1.67. The lensing galaxy, also discovered
by Wisotzki et al. (2004), using the Magellan 6.5 m telescopes
on Cerro Las Campanas, is at redshift zL = 0.408, according
to Ofek et al. (2006; see also Eigenbrod et al. 2006). The lens
galaxy spectrum matches well with an elliptical galaxy template
(Ofek et al. 2006; Eigenbrod et al. 2006). The time delay has not
been measured yet.
3. Observations
3.1. Data aquisition
The observations of the lensed quasars WFI 2033-4723 and
HE 0047-1756 were obtained in the V and R bands with
the 1.54 m Danish telescope at the ESO La Silla observa-
tory, Chile, in the framework of the MiNDSTEp (Microlens-
ing network for the detection of small terrestrial exoplanets;
Fig. 2. V-band image of HE 0047-1756 obtained by stacking the 10 best
seeing and sky background images (V-band template image). The
quasar and stars, which we use as a constant reference and PSF model,
are labelled. The double quasar is enlarged in the darker box. The field
size is 8.5 arcmin × 8.8 arcmin. The stamps used for the kernel compu-
tation are defined as 17-pixel squares (see Sect. 4).
Dominik et al. 2010) quasar monitoring campaign. We report
here on observations collected during five observing seasons
from 2008 to 2012. Both quasars were observed within the fol-
lowing temporal intervals: from June 5 to October 4, 2008,
June 19 to September 18, 2009, May 9 to August 21, 2010,
June 11 to August 31, 2011, and July 16 to September 16, 2012.
During these periods we observed the quasars every two days
weather permitting. The V and R filters provide photometry in
the Bessel system. The quasars were observed on average three
times per night. WFI 2033-4723 was observed with an exposure
time of 180 s in V and R, except for a small number of images,
with longer exposures of 300 s and 600 s, at the start of 2008.
Exposure times for HE 0047-1756 vary from 180 s in both fil-
ters during the first two seasons to 240 s in V and 210 s in R
during the last three years. A few images in both bands at the
start of the first season were taken with exposure times of 300 s
and 600 s. The median seeing of the observations is ≈1.3 arc-
sec, taking both filters and all data into account. The observa-
tions were made with the Danish Faint Object Spectrograph and
Camera (DFOSC) imager with a pixel scale of 0.39 arcsec. The
full field of view (FOV) was 13.7 arcmin × 13.7 arcmin. We
subtracted constant bias values estimated from the overscan re-
gions to carry out bias correction and used dome flat-field frames
for flat-fielding. Sections of the FOV centred on the quasars are
shown in Figs. 1 and 2.
4. The method
As was shown impressively in the case of the Huchra lens
(Woz´niak et al. 2000; Udalski et al. 2006), arguably the best way
to carry out photometry for a quasar lens is the difference image
analysis technique (DIA) proposed by Alard & Lupton (1998)
and Alard (2000). The basic idea is to use a high signal-to-noise
A49, page 2 of 16
E. Giannini et al.: MiNDSTEp differential photometry of the lensed quasars WFI 2033-4723 and HE 0047-1756
(S/N) template image, with good seeing and low sky back-
ground, which is subtracted from every other target frame in the
data set. Since the lensing galaxy is not expected to vary, this
approach simplifies the photometry of the quasars. As the con-
tribution from the galaxy is removed in the subtracted images,
we are spared the drawbacks of modelling the galaxy light dis-
tribution. Each pair of images needs to be astrometrically and
photometrically aligned before subtraction. Relative photometry
can be carried out upon subtraction. This is achieved by build-
ing a model for the quasar images with a blend of known point
spread functions (PSFs) according to Hubble Space Telescope
astrometry of the quasar.
In detail, the idea from Alard & Lupton (1998) is to find
the best-fit, spatially non-varying convolution kernel, which de-
grades the template PSF into that of the target frame in addition
to matching atmospheric extinction and exposure time. These
authors showed that, by decomposing the kernel as a linear com-
bination of N basis functions, the problem can be reduced to
determining a finite number of kernel coefficients. The latter are
found by solving a linear system of equations containing various
moments of the two images in input. The analytical convolution
kernel consists of a sum of several Gaussians, which are multi-
plied by polynomials modelling the possible asymmetry of the
kernel. The Gaussian widths depend on the relative sizes of the
PSF in the template and target frame. Alard (2000) extended this
idea to a kernel that varies across the chip. Assuming that the
amplitudes of the kernel components are polynomial functions
of the pixel coordinates of order n, the number of kernel coeffi-
cients becomes 12 (n + 1)(n + 2) larger than in the constant kernel
problem.
4.1. Image alignment
Before subtraction, all images need to be astrometrically aligned
to a reference frame. After choosing a very good seeing and low
sky background reference image of a given source, all the other
images of the same source are registered onto the reference co-
ordinate grid, whether or not they share the same photometric
band with the reference image. This is carried out using the ISIS1
package by C. Alard (Alard & Lupton 1998; Alard 2000). The
astrometric alignment routine of this package efficiently identi-
fies reference objects (stars) in the field and carries out a two-
dimensional polynomial mapping to the reference image. We
choose a polynomial transformation of order 2 to remove the
shifts and small rotations between the images. In the case of
WFI 2033-4723, the average residuals corresponding to the as-
trometric transform along the x- and y-axes are of order 0.1 pixel
and the mapping is computed using on average ≈275 objects.
The astrometric transforms corresponding to HE 0047-1756 are
characterized by average residuals of order 0.2 pixel and are
obtained taking on average ≈220 objects into account. Image
resampling is performed using bicubic splines. Before calling
the alignment routine, bad columns are replaced with the ap-
propriate median of surrounding pixels. All images of a given
night for the whole data set are trimmed at the edges to contain
the same region and median combined to improve the signal-to-
noise ratio and correct for cosmic rays. After discarding images
that have a high sky background or are disturbed by moonlight,
clouds, bad tracking, and bad columns, we finally used 85 nights
for WFI 2033-4723 and 108 nights for HE 0047-1756 over five
years. V- and R-band images are not always both available for
any given night.
1 http://www2.iap.fr/users/alard/package.html
4.2. Image subtraction
Image subtraction is carried out with the HOTPAnTS2 software
by A. Becker, which is an enhanced and modified version of ISIS
and the Alard (2000) method. This software is given the tem-
plate image and the target frames to be processed. In creating
the template images we stack the frames with the best seeing
and sky background at our disposal. In the case of WFI 2033-
4723 we compute the median stack of 14 images, both in V and
R. A similar procedure is carried out in building the template
images for HE 0047-1756, for which we were able to combine
10 frames in V and 14 frames in R. The HOTPAnTS software di-
vides the frames horizontally and vertically into square regions,
within which several stamps, centred on individual stars, are cho-
sen. The software is also given the list of stars that act as stamps.
A kernel solution is derived for each stamp. The kernel sum is
used as a first metric to sigma-clip bad stamps. Briefly, the pho-
tometric scaling between two images is the sum of the convolu-
tion kernel. This can be used to discard variable stars, which are
not suitable for determining the photometric alignment between
the images, by sigma-clipping outlier stamps from the distribu-
tion of the kernel sums. It is useful to have multiple stars in a
particular image region in case any objects are sigma-clipped. In
fact at this stage another metric is used to discard bad stamps.
After convolution and subtraction, the mean of the distribution
of pixel residuals divided by the estimated pixel variance across
each stamp provides an additional figure of merit to sigma-clip
stamps out and replace them with neighbouring stars. The con-
straints on the convolution kernel for each stamp then allow for
the fitting of the coordinate dependent amplitudes of the kernel
components (modelled as polynomial functions).
For the analytical kernel we choose three Gaussians. With
the aim of modelling the wings and the asymmetry of the ker-
nel, the Gaussians are modified by multiplicative polynomials
of orders 4, 3, and 2, respectively. In general we choose a nar-
row Gaussian that varies to order 4, a central wider Gaussian
that varies at order 3, and a broad Gaussian that varies at order
2 in the kernel space coordinates. The values of the Gaussian
widths σ depend on the seeing range of the templates and target
frames fed to HOTPAnTS. For the target frames we compute the
seeing distribution of a star in the quasar neighbourhoods in the
V and R bands. We obtain the corresponding σ distribution, as
shown in Fig. 3, via the relation between the FWHM and the σ
of a Gaussian profile. The triplet (0.8, 1.4, 2.3) in pixel units is a
good choice to build the kernel basis which, convolved with the
typical template σ of 1 pixel, reproduces the typical target frame
σ values. We adopt these values as our Gaussian widths. The
polynomials modelling the spatial variation of the kernel ampli-
tudes are allowed to vary at spatial order 2 in the image space
coordinates.
The number of stamps differs from case to case since it de-
pends on the star distribution in the field. The field characteriz-
ing the frames of WFI 2033-4723 is rich with stars, while that
corresponding to HE 0047-1756 is very sparse. The convolution
kernel of WFI 2033-4723 is derived by taking into account on
average 27 stamps in V and 26 in R; on average 8 stamps in V
and 10 in R determine the convolution kernel for HE 0047-1756.
The size of the stamps, 17×17 pixels, is chosen such that it con-
tains the whole star flux profiles. In summary, for each image, the
code chooses stamps among the stars, works out the convolution
kernel and carries out the subtraction. Figures 1 and 2 show the
2 http://www.astro.washington.edu/users/becker/
hotpants.html
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Fig. 3. FWHM distributions of a nearby star of WFI 2033-4723 (top)
and HE 0047-1756 (bottom) in filters V (left) and R (right) in terms of
the corresponding Gaussian σ.
squares defining the stamps that HOTPAnTS selects across all
observing seasons in the filters V and R for the two systems.
Necessary inputs for the HOTPAnTS software are the tar-
get frame and template gain (G) and readout noise (RON).
Throughout the 2008–2011 seasons the instrumental gain G was
0.76 e−/ADU and the readout noise RON was 3.21 e−. The G
and RON values changed in 2012 as a result of an upgrade of
the DFOSC detector between 2011 and 2012. The values that
are valid for 2012 are G = 0.24 e−/ADU and RON = 5.28 e−.
The gain and RON have to be adjusted appropriately before
feeding them to the HOTPAnTS software. Since both the tar-
get frames and the templates are in general stacked images, we
need to define an effective G and RON by using standard vari-
ance propagation.
Another adjustable set of parameters is the model for the sky
background, which we selected to be an additive constant. The
output by HOTPAnTS is the difference image with the seeing of
the current target frame and the photometric scale of the tem-
plate, and the corresponding noise map. Figure 4 shows the se-
quence of difference images for WFI 2033-4723 in filter V .
4.3. Photometry
Photometry on the difference images is carried out using the
GALFIT software (version 2.0.3, Peng et al. 2002) modified to
allow the fitting of several PSFs with fixed relative separations
and linear fluxes. We use it to analyse the lensed quasars in the
original images and in the difference images. This is performed
as follows:
1. A nearby star is chosen as a PSF model (the chosen stars are
labelled as PSF in Figs. 1 and 2). We use only one star since
we noticed a remarkable variation of the PSF through the
field and decided to select the closest bright, isolated, and not
saturated star in the neighbourhoods. GALFIT normalizes
the star so that variability is not an issue. The PSF is built by
extracting a 17×17 pixel box surrounding the star; the PSF
is sky-subtracted and centred at pixel (9, 9) according to the
GALFIT manual.
2. Using the PSF model, the quasar positions are determined
from the original stacked images and the templates with
GALFIT by keeping the quasar fluxes and the position of
only one of the lensed quasar images as free parameters.
The sky background values at the quasar position are fixed
to median values estimated from 51×51 pixel empty regions
nearby the quasar. The positions of the remaining lensed
quasar components relative to the free quasar component are
kept fixed at the values shown in Table 1, which are obtained
from the CASTLES3 web page (C. S. Kochanek, E. E. Falco,
C. Impey, J. Lehar, B. McLeod, H.-W. Rix), as determined
using Hubble Space Telescope data.
Since the original stacked images and template images in
general are built from a number of single exposures with
different exposure times, we let GALFIT build the appropri-
ate sigma image by providing it with the equivalent GAIN
and RDNOISE of the frames, since GALFIT is only able
to compute the noise image for a stack of N images with
identical gain, readout noise, and exposure time. In our data
we cannot significantly detect the lensing galaxies. Our posi-
tions are therefore minimally affected by the presence of the
V ≈ 21 mag (WFI 2033-4723) and V ≈ 22.5 mag (HE 0047-
1756) lensing galaxy.
3. Keeping the nightly lensed quasar positions obtained above
fixed, we determine the fluxes at the position of the quasar
images in the difference images. For this, the GALFIT soft-
ware is allowed to fit negative fluxes as well. The result of
this procedure are difference fluxes between the epoch con-
sidered and the template image. The output noise map from
HOTPAnTS is used for the difference image photometry with
GALFIT.
The robustness of the method just described has also been
tested by computing the light curves of the four compo-
nents of quasar HE 0435-1223 (Wisotzki et al. 2000, 2002),
which was observed by MiNDSTEp and already published
by Ricci et al. (2011), and comparing them with the re-
sults in the R band by Courbin et al. (2011). The four light
curves, obtained with two different telescopes and two dif-
ferent methods, show an average weighted root mean square
deviation of rms = 1.36σ. A similar test has been carried out
by computing with this method the light curves of quasar
UM673 (MacAlpine & Feldman 1982; Surdej et al. 1987,
1988; Smette et al. 1992; Eigenbrod et al. 2007), which
was observed by MiNDSTEp and published by Ricci et al.
(2013), and comparing the results for the two components
with the results obtained in filter V and R by Koptelova et al.
(2012). The average weighted root mean square deviation is
rms = 1.6σ.
4.4. Systematics with using GALFIT
In order to test the PSF fitting with GALFIT, we created mock
models of the quasar WFI 2033-4723 for three different values of
the seeing in filter V . We chose to test the case of WFI 2033-4723
because it is characterized by low fluxes and highly blended
components. Starting from three images of a real star in the sur-
roundings of the quasar with FWHM 0.9, 1.31, 2.1 arcsec, us-
ing GALFIT we generated 50 artificial realizations of the quasar
3 http://www.cfa.harvard.edu/castles/
A49, page 4 of 16
E. Giannini et al.: MiNDSTEp differential photometry of the lensed quasars WFI 2033-4723 and HE 0047-1756
Fig. 4. V-band difference images of WFI 2033-4723 from 2008 to 2012. The corresponding dates are listed in Table A.1.
Table 1. Hubble Space Telescope relative astrometry of WFI 2033-4723
and HE 0047-1756 images, obtained from the CASTLES webpage.
A1 A2 B C
WFI 2033 RA(′′) 2.196 ± 0.003 −1.482 ± 0.003 0 −2.114 ± 0.003
Dec(′′) 1.261 ± 0.003 1.376 ± 0.003 0 −0.277 ± 0.003
A B
HE 0047 RA(′′) 0 0.232 ± 0.003
Dec(′′) 0 −1.408 ± 0.003
at each seeing value, with flux values as computed from the V
template and taking those into account as mean values of the
corresponding Poissonian noise. We chose the quasar centroid at
each realization within one pixel with a uniform distribution. We
added a sky background with mean value as computed from the
V template to each artificial quasar, including Poissonian noise,
and a Gaussian readout noise realization. No lensing galaxy was
included in these simulations. The photometry of the artificial
models was then carried out with GALFIT, choosing a PSF close
to that used in building the artificial models. Figure 5 shows the
distribution of the ratio ∆mag/σ, which represents the difference
between the GALFIT output flux and the known input flux in
units of GALFIT sigmas (flux uncertainty) for quasar image A1
and for the three values of seeing. The majority of realizations
lies between ∆mag/σ ≈ 0−2 with minor tails at ∆mag/σ ≈ 3.
We find similar conclusions for the other images of the quasar.
The effects, which led to the systematic discrepancy between the
input and output fluxes, are determined by the differences be-
tween the PSF of the quasar and the PSF chosen to model it.
The average magnitude discrepancy in the most frequent seeing
regime does not exceed 0.02 mag, which is negligible for the
purposes of this paper.
5. Results
5.1. WFI 2033-4723
Figure 6 shows the light curves for the quasar WFI 2033-4723
components B, A1, A2, C, and the constant star in Fig. 1 in filters
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Fig. 5. Frequency distributions of ∆m/σ; the difference between output
and input magnitudes in units of GALFIT σ, for the component A1
of 50 mock models of WFI 2033-4723 under three different seeing
regimes.
V and R, respectively. The light curves are expressed by using
instrumental magnitudes, defined as
mX = −2.5 × log10
(
∆FX + FX,T
FX,Ref
)
, (1)
where ∆FX is the flux difference of the quasar components in the
subtracted image, which has the photometric scale of the tem-
plate, FX,T is the corresponding flux in the template and FX,Ref
that of the constant reference stars, indicated in Figs. 1 and 2,
where X is V or R. Instrumental colours are defined accordingly.
The individual data points composing the light curves are
also listed in Table A.1. The quoted error bars are determined
by GALFIT, as explained in paragraph 4.3.3. The light curves
of images B (filled dots), A1 (asterisks), A2 (squares), and C
(filled diamonds) are shown in red, green, orange, and blue, re-
spectively. The illustrated photometric data of the quasar compo-
nents were shifted in accordance with the time delays measured
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Table 2. V-band and R-band yearly averages of WFI 2033-4723 instru-
mental magnitudes.
2008 2009 2010 2011 2012
(B)V 2.02 ± 0.03 1.63 ± 0.02 1.89 ± 0.04 2.06 ± 0.03 2.21 ± 0.06
(A1)V 1.47 ± 0.05 1.09 ± 0.02 1.30 ± 0.08 1.55 ± 0.07 1.69 ± 0.07
(A2)V 2.02 ± 0.04 1.67 ± 0.04 1.82 ± 0.06 2.10 ± 0.05 2.22 ± 0.01
(C)V 2.35 ± 0.03 2.10 ± 0.02 2.22 ± 0.06 2.58 ± 0.02 2.67 ± 0.01
(B)R 2.07 ± 0.02 1.76 ± 0.04 1.96 ± 0.03 2.11 ± 0.03 2.24 ± 0.02
(A1)R 1.48 ± 0.03 1.21 ± 0.08 1.33 ± 0.05 1.57 ± 0.04 1.57 ± 0.02
(A2)R 2.01 ± 0.03 1.74 ± 0.06 1.83 ± 0.05 2.12 ± 0.10 2.29 ± 0.11
(C)R 2.30 ± 0.02 2.15 ± 0.04 2.22 ± 0.04 2.52 ± 0.03 2.63 ± 0.02
by Vuissoz et al. (2008), namely ∆tB−C = 62.6 days and ∆tB−A =
35.5 days.
Components B, A1, A2, and C become brighter in 2009 and
dimmer again across the remaining seasons, spanning a magni-
tude range of 0.6 mag in filter V and ≈0.5 mag in filter R. We list
in Table 2 the average magnitudes, computed within each season,
for a more detailed picture of the brightness evolution of the four
images. The quoted error bars are standard deviations computed
within each season. Figure 7 is intended to reveal any differences
between the variation of the four lensed components. The light
curves A2-A1, B-A1, and C-A1 are shown in the V and R bands.
The differences were computed upon interpolation of the bright-
est component at the observation dates of the weakest one in the
pair, after correcting for the time delays between the pair com-
ponents. The figures suggest that the variation of component C
through the observing seasons differs from the others, showing
a significant variation of ∼0.16 mag in the R band between 2008
and 2011.
Figure 8 shows the evolution of the colour (V − R)Instr. of
the four components. The four images become bluer between
2008 and 2009 by ≈0.05 mag in correspondence to the quasar
brightening, and the images gradually become redder through
the remaining seasons. We also compute the colour difference
between the image pairs A1-B, A2-B, C-B, A1-A2, A2-C, and
A1-C, after interpolating the colour of the brightest component
of each pair in correspondence to the days at which the other
was observed. In absence of lensing we expect the colours of the
quasar components to differ only by a constant, caused by the
differential intergalactic extinction along their lines of sight and
by the differential reddening by the lensing galaxy. When the
colour light curves of the quasar images cannot be matched by
simply shifting them by a constant, the simplest explanation we
can provide is microlensing affecting images in an uncorrelated
fashion (Wambsganss & Paczynski 1991). We do not find sys-
tematic long-term colour difference variation across the whole
observing campaign, but we cannot rule out intra-seasonal vari-
ations of order ≈0.1 mag. Intra-seasonal average values of the
instrumental colour (V − R)Instr. for the four components and the
colour difference between all possible pairs of components are
given in Tables 3 and 4.
5.2. HE0047-1756
In Fig. 9 we show the HE 0047-1756 light curves during the
years 2008–2012 for filters V and R. The individual data points
composing the light curves are also listed in Table A.2. The error
bars are determined using GALFIT as explained in paragraph 3
of Sect. 4.3.
The light curves for images A and B are plotted in orange
and blue, respectively, as a function of the modified Julian date
(MJD). In 2008 the light curves of both lensed quasar images
are characterized by a ∆m ≈ 0.1 mag intrinsic variation of the
quasar on timescales of ≈50 days. The data are consistent with
this rise ending around MJD−2 450 000 ≈ 4680 in image A, but
around MJD − 2 450 000 ≈ 4690 in image B. This delay of the
brightness rise in image B is analysed in detail in Sect. 5.3. In the
year 2009, both quasar images became brighter. Starting from
2010 the quasar became dimmer and again brighter across the
last two periods. The overall amplitude of magnitude spanned
by the light curves in both filters does not exceed ≈0.3 mag. The
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Fig. 7. Light curves A2-A1, B-A1, and C-A1 are shown in the V (left) and R band (right) in the upper, middle, and bottom panels, respectively.
The differences are computed, after correcting for the known time delays, by interpolating in between the data points of the brightest component
of each pair. The difference between C and A1 in the R band shows a significant magnitude variation of 0.16 mag between 2008 and 2011.
Fig. 8. (V − R)Instr. light curves of WFI 2033-4723 from 2008 to 2012. Components B (filled dots), A1 (asterisks), A2 (squares), and C (filled
diamonds) are depicted in red, green, orange, and blue, respectively.
Table 3. Yearly averages of the instrumental colour V − RInstr. for the
four lensed components of quasar WFI 2033-4723.
2008 2009 2010 2011 2012
(V − R)Instr.B −0.05 ± 0.02 −0.10 ± 0.01 −0.06 ± 0.03 −0.05 ± 0.03 −0.03 ± 0.07
(V − R)Instr.A1 −0.01 ± 0.03 −0.07 ± 0.02 −0.03 ± 0.05 −0.01 ± 0.07 0.12 ± 0.09
(V − R)Instr.A2 0.01 ± 0.04 −0.03 ± 0.04 −0.01 ± 0.08 0.02 ± 0.08 −0.07 ± 0.10
(V − R)Instr.C 0.05 ± 0.03 −0.02 ± 0.02 0.00 ± 0.03 0.05 ± 0.03 0.04 ± 0.01
average instrumental magnitudes of components A and B across
the five periods are shown in Table 5.
5.3. Time delay for HE0047-1756
Several methods have been introduced to determine time delays
in lensed systems (Kundic´ et al. 1997, and references therein;
see also Burud et al. 2001; Gil-Merino et al. 2002; Pelt et al.
1996; and Tewes et al. 2013).
Table 4. Yearly average differences of the instrumental colour V − RInstr.
for all the possible component pairs of quasar WFI 2033-4723.
2008 2009 2010 2011 2012
∆(V − R)Instr.A1B 0.05 ± 0.03 0.06 ± 0.05
∆(V − R)Instr.A2B 0.05 ± 0.04 0.03 ± 0.07
∆(V − R)Instr.CB 0.11 ± 0.05 0.08 ± 0.03
∆(V − R)Instr.A1A2 −0.02 ± 0.06 −0.04 ± 0.06 0.0 ± 0.1 0.0 ± 0.1 0.19 ± 0.01
∆(V − R)Instr.A2C −0.05 ± 0.04 −0.01 ± 0.05
∆(V − R)Instr.A1C −0.06 ± 0.04 −0.04 ± 0.04
Here, we apply the PyCS software by Tewes et al. (2013)
to our V and R light curves from 2008 to 2012. This software
allows for time delay measurements in presence of microlens-
ing, defined as extrinsic variability, as opposed to the intrinsic
variability of the quasar. We use their free-knot spline technique
and the dispersion technique. Appendix A summarizes the main
input parameters for the PyCS spline and dispersion methods
(see Tewes et al. 2013, for further details).
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Fig. 9. V (left) and R (right) band light curves of HE 0047-1756 from 2008 to 2012. Components A (filled dots) and B (squares) are depicted
respectively in orange and blue. The light curve of a star in the field, labelled as constant star in Fig. 2, is shown in black and shifted up by
−0.7 mag.
Table 5. V-band and R-band yearly averages of the HE 0047-1756 in-
strumental magnitudes.
2008 2009 2010 2011 2012
(A)V −0.25 ± 0.02 −0.49 ± 0.02 −0.36 ± 0.03 −0.41 ± 0.01 −0.53 ± 0.01
(B)V 1.21 ± 0.03 1.01 ± 0.03 1.16 ± 0.06 1.19 ± 0.04 1.08 ± 0.03
(A)R −0.21 ± 0.01 −0.37 ± 0.02 −0.28 ± 0.02 −0.34 ± 0.01 −0.44 ± 0.02
(B)R 1.21 ± 0.03 1.08 ± 0.02 1.20 ± 0.03 1.22 ± 0.02 1.13 ± 0.03
The first method uses splines to model both the intrinsic and
extrinsic variability of the light curves and simultaneously ad-
justs the splines, time shifts, and magnitude shifts between the
light curves to minimize a fitting figure of merit involving all
data points. The second method goes back to the dispersion tech-
niques by Pelt et al. (1996) and simultaneously adjusts the time
shifts and low-order polynomial representations of the extrinsic
variability to minimize a scalar dispersion function that quanti-
fies the deviation between the light curves. This method does not
assume any model for the intrinsic variability.
The results determined with the spline fitting technique and
dispersion technique in the V band are 7.2 ± 3.8 days and
8.0 ± 4.2 days, respectively, with image A leading. The mean
value and quoted error bars correspond to the mean and stan-
dard deviation of the resulting time delay distributions, which
are obtained by drawing 1000 realizations of the observed light
curves; these are shown in Figs. 10 and 11. The light curve real-
izations are drawn taking into account a model for the intrinsic
variability, a model for extrinsic variability, and a noise model,
as explained in Tewes et al. (2013). On the other hand, the appli-
cation of these techniques to the R-band data in the years 2008–
2012 does not converge on a unique answer. In the following we
carry out a zoom-in analysis on the year 2008 in the V band only
to confirm the obtained results and show that the above analysis
was not biased by the existence of the observing gaps. We found
out that the best way to analyse such a short light curve portion is
to follow a linear interpolation scheme, which does not introduce
the difficulties of generating the model for the intrinsic and ex-
trinsic variability, which are necessary inputs for the PyCS soft-
ware to draw new realizations of the light curves, from a smaller
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Fig. 10. Distribution p for time delays days based on our light curves
of components AV and BV obtained by applying the PyCS dispersion
method. The probability was computed from 1000 resamplings of the
inferred intrinsic, extrinsic, and noise model. Mean value and standard
deviation of this distribution are ∆t = 8.0 ± 4.2 days.
number of data points. Our approch here, aimed at determining
the time delay that minimizes the magnitude difference between
the light curves, was published first by Gaynullina et al. (2005)
and goes back to Kundic´ et al. (1997). It consists of the follow-
ing steps:
1. Component A of each of 10 000 bootstrap resamplings of
the observed light curve is shifted by the time delay ∆t to be
tested, whose values lie in the range from 0 to 50 days (image
A leading). Such a high number of resamplings constrains
the uncertainties on the time delay measurement.
2. The light curve of the brightest component A is linearly in-
terpolated to match the dates at which the B light curve has
been observed. Only gaps shorter than 20 days are interpo-
lated.
3. Each resampling is smoothed by triangular filter with a width
of 3 and 6 days for the brightest component A and the
A49, page 8 of 16
E. Giannini et al.: MiNDSTEp differential photometry of the lensed quasars WFI 2033-4723 and HE 0047-1756
 0
 0.02
 0.04
 0.06
 0.08
 0.1
 0.12
-20 -10  0  10  20  30
Fra
cti
on
 p
timedelay(days)
Fig. 11. Distribution p for time delays days based on our light curves of
components AV and BV obtained by applying the PyCS spline method.
The probability was computed from 1000 resamplings of the inferred
intrinsic, extrinsic, and noise model. Mean value and standard deviation
of this distribution are ∆t = 7.2 ± 3.8 days.
weakest component B, respectively. The use of larger win-
dows, i.e. 6 and 12 days, does not change the results.
4. From the resulting light curves, comprising N epochs, we
compute the weighted magnitude difference between the
components ∆m and the χ2ν
χ2ν =
1
N − 2
N∑
1
(mA(ti) − mB(ti + ∆t) − ∆m)2
σmA2 + σmB2
(2)
is determined, where we call ti the generic time at which data
has been collected. The parameters σmA and σmB are the
Poissonian noise propagated through the interpolation for-
mula for mA(ti) and the Poissonian noise corresponding to
mB(ti + ∆t), respectively.
5. The time delay corresponding to the minimum χ2ν is the op-
timal time delay at any given resampling.
The algorithm is applied to the light curve couple AV BV .
The probability distribution of time delays obtained using this
method is plotted in Fig. 12. The probability of each 1-day
bin is calculated as the ratio between the occurence of light
curves with best-fitting time delay in that bin and the total num-
ber of resamplings. This procedure also produces a peak for
0 lag, which might be interpreted as a false peak, that is derived
from correlated brightness fluctuations at 0 lag when dealing
with optical discrete data, also reported by Vakulik et al. (2006)
and Colley et al. (2003), who describes it as a “frame-to-frame
correlation error in the photometry”. We compute mean time
delay and standard deviation for the region above the dashed
line, which carries 95% of the statistical weight of the dis-
tribution (not taking into account the 0 lag peak), and obtain
∆t = 7.6±1.8 days. In order to assess whether the distribution at
0 lag corresponds to a false peak, we apply the above algorithm
to the 2008 light curve couple AV BVR, where BVR is the aver-
age of the light curves of component B in both filters. The aim
is to break the 0 lag correlation between the multiple photomet-
ric data recorded on a single frame. This is not strictly correct
because interband time delays have been measured for several
non-lensed quasars (Koptelova et al. 2010) as due to light travel
time differences between two different emission regions and, in
addition, the above full light curve analysis in the R band has not
converged to a unique value. However, the procedure leads to a
Fig. 12. Distribution p for time delays between 0−50 days based on
our light curves of components AV and BV . The probability was com-
puted from 10 000 bootstrap resamplings of the observed light curves.
For each resampling the brightest component A was interpolated in cor-
respondence to the dates at which B was observed. The region above the
dashed line contains 95% of the statistical weight of the distribution, af-
ter discarding the peak at 0 lag. Mean value and standard deviation of
this region are ∆t = 7.6 ± 1.8 days.
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Fig. 13. Distribution p for time delays between 0−50 days based on our
light curves of components AV , BV , and BR. The probability was com-
puted from 10 000 bootstrap resamplings of the observed light curves.
For each resampling the brightest component A was interpolated in cor-
respondence to the dates at which B was observed. The region above
the dashed line contains 95% of the statistical weight. Mean value and
standard deviation of this region are ∆t = 7.6 ± 2.9 days.
time delay distribution (shown in Fig. 13) with no peak at 0 lag,
whose 95% statistical weight region is described by a mean time
delay and standard deviation of ∆t = 7.6 ± 2.9 days. Therefore,
we conclude that the time delay analysis carried out by only tak-
ing the year 2008 into account in the V band produces a result
that is consistent with the above analysis including the full light
curves. In Fig. 14 we compute the difference between the light
curves of components A and B in both filters. This is carried
out after shifting component A ahead by 7.6 days and interpolat-
ing it at the epochs of component B. From these plots a secular
evolution of the magnitude difference between the quasar com-
ponents can be seen. This evolution of ≈0.2 mag across the five
periods is mainly linear; we explain it as due to a long-term mi-
crolensing perturbation. Such a behaviour has already been ob-
served for the double quasar SBS 1520+530 by Gaynullina et al.
(2005).
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Fig. 14. Difference between the light curves of HE 0047-1756 compo-
nents A and B after shifting component A ahead by 7.6 days. Compo-
nent A is interpolated at the epochs of component B before subtraction.
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Fig. 15. (V − R)Instr. light curves of HE 0047-1756 from 2008 to 2012.
Components A (diamonds) and B (squares) are depicted in orange and
blue, respectively, in the first upper panel. In the bottom panel we show
how the colour difference between the two components evolves. The
difference is computed by interpolating the magnitude of the brightest
component in the pair in correspondence to the dates at which the weak-
est one has been observed. The horizontal dashed lines define ±0.05
intervals around the average colour difference.
An analysis of the colour index V − RInstr. light curve as a
function of the MJD, shown in the upper part of Fig. 15, re-
veals that the two components span the highest colour variation
of ≈0.07 mag between seasons 2008 and 2009, with both im-
ages turning bluer in correspondence to the 2009 brightening,
as already observed by Vanden Berk et al. (2004), Pereyra et al.
(2006), Ricci et al. (2011), and Ricci et al. (2013). The yearly
averages of the colour are shown in Table 6.
The colour difference between the quasar images is mainly
constant ≈0.04 throughout the five seasons, as shown in the bot-
tom panel of Fig. 15. The colour difference was computed af-
ter shifting the colour light curve of component A by 7.6 days
and linearly interpolating it in correspondence to the observa-
tion dates of component B. The yearly averages of the colour
difference are shown in Table 7 and are consistent with a con-
stant offset between the colour light curves.
Table 6. Yearly averages of the instrumental colour V − RInstr. for the
two lensed components of quasar HE 0047-1756.
2008 2009 2010 2011 2012
(V − R)Instr.A −0.04 ± 0.02 −0.11 ± 0.01 −0.08 ± 0.02 −0.07 ± 0.01 −0.08 ± 0.01
(V − R)Instr.B 0.00 ± 0.03 −0.07 ± 0.04 −0.04 ± 0.05 −0.03 ± 0.05 −0.04 ± 0.04
Table 7. Yearly average differences of the instrumental colour V − RInstr.
between components A and B of quasar HE 0047-1756.
2008 2009 2010 2011 2012
∆(V − R)Instr. −0.04 ± 0.04 −0.03 ± 0.03 −0.05 ± 0.05 −0.04 ± 0.06 −0.03 ± 0.04
Table 8. Summary of the main input parameters for the PyCS spline
(spl) and dispersion (disp) methods.
spl: ηintr 75 days
spl: ηextr 520 days
spl:  15 days
spl: αA 1.1
spl: βA 0
spl: αB 3.1
spl: βB 0
disp: interpdist 10 days
disp: nparams 1
tsrand 5 days
truetsr 0 days
Notes. Indices A and B refer to the quasar images. (See Tewes et al.
2013, for detailed explanation.)
6. Summary and discussion
We have presented V-band and R-band photometry of the grav-
itational lens systems WFI 2033-4723 and HE 0047-1756 from
2008 to 2012, based on data collected by MiNDSTEp with the
Danish 1.54 m telescope at the ESO La Silla observatory, Chile.
By applying the Alard & Lupton image subtraction method
(Alard & Lupton 1998; Alard 2000) we have constructed the
light curves of the quasar components.
1. The lensed images of WFI 2033-4723 vary by 0.6 mag in V
and ≈0.5 mag in R during the campaign, becoming brighter
in 2009 and gradually weaker until 2012. After computing
the A2-A1, B-A1, C-A1 light curves, we note that C-A1
shows a variation of ≈0.2 mag in the R band across seasons
2008–2011. We suggest that microlensing that only affects
the outer part of the accretion disk of image C could in prin-
ciple explain the behaviour seen in the R band; this relies
on the hypothesis that an outer and hence cooler part of the
disk, with emission at longer wavelengths, is magnified by
the caustic pattern.
2. The two lensed components of quasar HE 0047-1756 reach
their maximum brightness in 2009 and again in 2012 with a
magnitude variation of ≈0.2–0.3 mag, depending on which
components and filters are considered. For the first time we
provide a measurement of the time delay between the two
components. We apply the PyCS software by Tewes et al.
(2013) to our whole V-band and R-band data set. The free-
knot spline technique and dispersion technique provide con-
sistent estimates of the time delay of 7.2 ± 3.8 and 8.0 ±
4.2 days in the V band. On the other hand, the two tech-
niques do not converge to a unique result in the R band.
By making use of a linear-interpolation scheme applied to
the brightest component A (see Gaynullina et al. 2005), we
carry out a zoom-in analysis on the year 2008 in the V band
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and find that the time delay value minimizing the magnitude
difference between the light curves AV and BV in 2008 is
∆t = 7.6 ± 1.8 days, which is consistent with the above
results. The magnitude difference between the light curves
of A and B in both bands increases from 2008 to 2012 by
≈0.2 mag, showing a long-term linear uncorrelation between
the two components, which can be explained with a long-
term microlensing perturbation.
The images of both quasars become bluer when getting brighter.
This is consistent with previous studies (e.g. Vanden Berk et al.
2004). A simple possible explanation to this is obtained by con-
sidering the accretion disk models for quasars. A boost in the
disk accretion rate could produce a temperature increase of the
inner regions of a quasar, hence a brighter and bluer emission.
The colour difference between the components of each quasar is
consistent with being constant across the five periods.
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Appendix A: Additional tables
Table A.1. V- and R-band photometry of WFI 2033-4723, as in Fig. 6.
mag BV σB,V mag A1V σA1,V mag A2V σA2,V mag CV σC,V mag BR σB,R mag A1R σA1,R mag A2R σA2,R mag CR σC,R MJD
2.003 0.006 1.43 0.007 2.015 0.011 2.31 0.009 2.073 0.007 1.456 0.008 2.01 0.013 2.296 0.009 54 623.4
1.979 0.004 1.461 0.006 1.985 0.008 2.273 0.005 2.056 0.002 1.473 0.002 1.99 0.002 2.286 0.002 54 625.4
1.988 0.004 1.456 0.006 2.006 0.009 2.306 0.007 2.064 0.002 1.459 0.002 1.997 0.003 2.291 0.002 54 627.4
1.994 0.006 1.444 0.007 2.039 0.01 2.295 0.008 2.056 0.004 1.454 0.003 2.008 0.005 2.293 0.004 54 629.4
2.026 0.01 1.454 0.016 2.003 0.025 2.305 0.015 2.056 0.007 1.48 0.008 1.988 0.012 2.267 0.01 54 641.4
2.021 0.008 1.397 0.009 2.048 0.013 2.319 0.009 2.088 0.004 1.443 0.004 2.039 0.005 2.298 0.004 54 645.4
2.047 0.005 1.439 0.006 2.025 0.008 2.354 0.006 2.085 0.004 1.46 0.003 1.998 0.005 2.304 0.003 54 647.4
2.051 0.007 1.431 0.008 2.029 0.013 2.363 0.009 2.093 0.006 1.461 0.007 2 0.012 2.29 0.008 54 649.4
2.06 0.007 1.385 0.009 2.046 0.014 2.385 0.01 2.085 0.005 1.436 0.006 2.03 0.009 2.31 0.006 54 651.4
2.021 0.017 1.473 0.03 1.99 0.046 2.387 0.029 54 653.4
2.071 0.008 1.396 0.009 2.05 0.013 2.359 0.01 2.092 0.004 1.459 0.003 1.996 0.004 2.313 0.004 54 655.4
2.037 0.011 1.49 0.015 1.91 0.022 2.366 0.016 2.117 0.011 1.473 0.014 1.976 0.021 2.316 0.015 54 657.4
2.051 0.009 1.421 0.009 2.022 0.013 2.356 0.012 2.123 0.009 1.453 0.008 2.001 0.011 2.292 0.01 54 661.3
2.038 0.009 1.426 0.013 2.062 0.022 2.337 0.013 2.106 0.009 1.457 0.014 2.028 0.022 2.328 0.013 54 671.3
2.04 0.009 1.404 0.01 2.123 0.018 2.39 0.012 2.084 0.011 1.449 0.013 2.046 0.021 2.319 0.015 54 674.3
2.043 0.007 1.441 0.009 2.075 0.013 2.344 0.009 2.078 0.007 1.464 0.008 2.047 0.012 2.296 0.008 54 675.3
2.041 0.006 1.482 0.007 2.021 0.01 2.36 0.008 2.083 0.006 1.493 0.007 2.034 0.009 2.303 0.006 54 677.3
1.962 0.022 1.469 0.038 2.076 0.066 2.37 0.038 54 679.3
2.014 0.014 1.432 0.015 2.057 0.022 2.339 0.019 2.07 0.006 1.5 0.007 1.988 0.009 2.3 0.007 54 681.3
2.011 0.008 1.533 0.01 2.007 0.014 2.284 0.009 2.082 0.006 1.535 0.008 1.986 0.01 2.279 0.008 54 683.3
2.008 0.006 1.529 0.008 2.023 0.011 2.327 0.007 2.079 0.006 1.523 0.007 2.022 0.01 2.29 0.008 54 685.3
2.013 0.004 1.519 0.007 2.043 0.01 2.364 0.008 2.043 0.011 1.499 0.011 2.099 0.017 2.293 0.013 54 687.3
1.995 0.009 1.533 0.011 2.028 0.015 2.35 0.013 2.059 0.009 1.49 0.01 2.033 0.015 2.31 0.012 54 699.3
2.012 0.01 1.519 0.013 2.03 0.019 2.427 0.014 2.069 0.008 1.515 0.01 2.031 0.016 2.288 0.011 54 703.3
2.043 0.008 1.552 0.011 1.975 0.015 2.341 0.011 2.069 0.008 1.495 0.01 2.027 0.015 2.315 0.011 54 705.3
1.999 0.011 1.501 0.018 1.998 0.028 2.378 0.018 2.07 0.012 1.529 0.016 1.965 0.023 2.326 0.016 54 715.2
1.997 0.008 1.462 0.01 2.024 0.014 2.334 0.011 2.056 0.009 1.514 0.01 1.975 0.013 2.339 0.011 54 717.2
1.985 0.012 1.473 0.013 1.992 0.02 2.379 0.017 2.086 0.009 1.46 0.01 2.069 0.016 2.353 0.013 54 728.2
2.044 0.014 1.519 0.022 1.942 0.03 2.393 0.024 2.075 0.011 1.525 0.015 1.949 0.021 2.263 0.016 54 729.2
2.012 0.006 1.47 0.006 2.003 0.008 2.363 0.008 2.062 0.005 1.488 0.006 2 0.008 2.316 0.006 54 731.2
2.025 0.005 1.461 0.007 2.048 0.011 2.391 0.008 2.054 0.005 1.489 0.007 2.003 0.01 2.333 0.007 54 733.2
2.024 0.012 1.498 0.017 2 0.026 2.376 0.018 2.057 0.015 1.491 0.023 2.061 0.038 2.289 0.022 54 735.1
2.025 0.009 1.528 0.011 2.002 0.016 2.338 0.011 2.081 0.008 1.523 0.012 2.012 0.017 2.309 0.014 54 739.1
2.02 0.006 1.481 0.008 2.036 0.012 2.365 0.008 2.048 0.006 1.479 0.007 2.045 0.009 2.332 0.007 54 741.1
2.025 0.006 1.507 0.009 2.022 0.012 2.353 0.009 2.055 0.007 1.522 0.009 2.028 0.012 2.293 0.008 54 743.1
1.808 0.01 1.301 0.016 1.771 0.024 2.149 0.017 55 001.4
1.811 0.006 1.296 0.011 1.872 0.018 2.19 0.012 55 004.4
1.816 0.007 1.332 0.012 1.807 0.018 2.188 0.013 55 005.4
1.82 0.008 1.326 0.012 1.82 0.018 2.168 0.013 55 006.4
1.81 0.007 1.303 0.011 1.811 0.017 2.206 0.012 55 008.4
1.636 0.006 1.112 0.006 1.718 0.008 2.114 0.008 1.739 0.005 1.168 0.006 1.746 0.008 2.108 0.007 55 068.2
1.611 0.007 1.101 0.006 1.703 0.008 2.106 0.009 1.72 0.005 1.175 0.006 1.722 0.007 2.123 0.007 55 070.2
1.623 0.005 1.112 0.006 1.693 0.008 2.101 0.007 1.743 0.005 1.203 0.006 1.672 0.007 2.129 0.006 55 071.2
1.609 0.006 1.099 0.006 1.712 0.009 2.079 0.007 1.699 0.006 1.201 0.006 1.675 0.008 2.117 0.006 55 072.2
1.734 0.013 1.169 0.02 1.709 0.032 2.175 0.027 55 075.2
1.724 0.018 1.111 0.026 1.76 0.045 2.248 0.038 55 076.2
1.629 0.007 1.07 0.008 1.667 0.013 2.124 0.009 1.737 0.007 1.113 0.007 1.761 0.011 2.121 0.008 55 087.2
1.641 0.007 1.067 0.007 1.645 0.009 2.106 0.008 1.74 0.005 1.144 0.006 1.69 0.009 2.109 0.007 55 088.2
1.646 0.007 1.104 0.007 1.64 0.011 2.084 0.008 1.75 0.007 1.146 0.007 1.697 0.011 2.102 0.009 55 089.2
1.65 0.009 1.097 0.012 1.622 0.019 2.085 0.014 1.737 0.01 1.15 0.014 1.68 0.021 2.147 0.016 55 091.2
1.64 0.005 1.068 0.006 1.654 0.008 2.068 0.007 1.718 0.005 1.146 0.007 1.698 0.009 2.09 0.007 55 092.2
1.857 0.007 1.139 0.008 1.788 0.011 2.187 0.01 1.912 0.007 1.218 0.007 1.758 0.009 2.193 0.007 55 325.4
1.865 0.007 1.176 0.008 1.756 0.012 2.133 0.009 1.911 0.007 1.237 0.009 1.749 0.012 2.15 0.01 55 334.4
1.872 0.005 1.166 0.006 1.784 0.009 2.152 0.007 1.923 0.007 1.256 0.007 1.769 0.009 2.159 0.007 55 336.4
1.861 0.007 1.143 0.009 1.806 0.014 2.15 0.011 1.9 0.008 1.223 0.009 1.8 0.014 2.161 0.011 55 339.4
1.897 0.006 1.284 0.009 1.733 0.012 2.106 0.007 1.971 0.008 1.281 0.009 1.769 0.014 2.148 0.01 55 341.4
1.924 0.007 1.272 0.007 1.765 0.01 2.151 0.006 1.981 0.008 1.279 0.008 1.834 0.01 2.188 0.008 55 352.4
1.932 0.007 1.237 0.01 1.861 0.016 2.234 0.013 1.998 0.008 1.358 0.01 1.705 0.012 2.208 0.011 55 354.4
1.95 0.009 1.283 0.011 1.798 0.016 2.174 0.012 2.007 0.006 1.31 0.009 1.795 0.013 2.183 0.01 55 358.3
1.939 0.007 1.262 0.008 1.813 0.012 2.18 0.009 1.996 0.006 1.342 0.008 1.762 0.011 2.192 0.008 55 362.3
1.946 0.007 1.251 0.007 1.859 0.012 2.154 0.007 1.99 0.006 1.337 0.008 1.783 0.011 2.177 0.008 55 365.3
1.94 0.008 1.296 0.01 1.83 0.016 2.195 0.01 2.013 0.012 1.319 0.013 1.846 0.019 2.181 0.015 55 368.4
1.891 0.008 1.321 0.009 1.872 0.013 2.176 0.011 1.971 0.009 1.363 0.008 1.811 0.011 2.202 0.01 55 378.4
1.9 0.006 1.293 0.008 1.837 0.012 2.218 0.01 1.972 0.007 1.316 0.009 1.848 0.012 2.242 0.01 55 380.3
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Table A.1. continued.
mag BV σB,V mag A1V σA1,V mag A2V σA2,V mag CV σC,V mag BR σB,R mag A1R σA1,R mag A2R σA2,R mag CR σC,R MJD
1.933 0.009 1.325 0.01 1.868 0.016 2.248 0.012 1.966 0.006 1.345 0.01 1.881 0.016 2.28 0.01 55 384.4
1.879 0.006 1.342 0.009 1.798 0.011 2.209 0.007 1.956 0.006 1.331 0.009 1.863 0.012 2.208 0.01 55 386.4
1.992 0.009 1.393 0.011 1.82 0.015 2.216 0.011 55 390.4
2.021 0.011 1.604 0.014 1.827 0.016 2.192 0.012 1.975 0.006 1.402 0.008 1.825 0.011 2.2 0.009 55 392.3
1.84 0.011 1.425 0.016 1.863 0.024 2.314 0.017 1.939 0.017 1.402 0.028 1.909 0.044 2.213 0.025 55 396.3
1.895 0.011 1.368 0.014 1.921 0.022 2.219 0.018 1.961 0.009 1.388 0.01 1.857 0.014 2.23 0.012 55 399.3
1.84 0.008 1.363 0.009 1.864 0.012 2.248 0.011 1.955 0.008 1.365 0.008 1.887 0.01 2.252 0.008 55 408.3
1.841 0.005 1.351 0.009 1.884 0.014 2.284 0.01 1.946 0.007 1.367 0.008 1.856 0.012 2.263 0.009 55 410.3
1.847 0.006 1.343 0.009 1.881 0.013 2.296 0.011 1.947 0.008 1.384 0.01 1.89 0.015 2.293 0.012 55 411.3
1.839 0.02 1.475 0.028 1.654 0.035 2.3 0.036 1.906 0.036 1.329 0.04 1.919 0.066 2.279 0.061 55 413.3
1.881 0.007 1.337 0.011 1.853 0.017 2.265 0.012 1.913 0.013 1.374 0.019 1.851 0.028 2.24 0.024 55 418.3
1.884 0.007 1.358 0.009 1.814 0.013 2.263 0.01 1.978 0.009 1.359 0.011 1.874 0.017 2.251 0.012 55 421.3
1.896 0.008 1.337 0.009 1.809 0.013 2.304 0.011 1.943 0.008 1.324 0.01 1.876 0.015 2.247 0.011 55 425.3
1.945 0.007 1.352 0.007 1.909 0.009 2.276 0.007 1.949 0.008 1.366 0.006 1.844 0.008 2.26 0.007 55 427.3
2.052 0.008 1.65 0.012 2.088 0.017 2.587 0.015 2.096 0.008 1.548 0.01 2.189 0.017 2.528 0.014 55 735.4
2.026 0.006 1.601 0.01 2.156 0.014 2.584 0.012 2.105 0.007 1.603 0.009 2.127 0.012 2.499 0.008 55 737.4
2.019 0.008 1.583 0.01 2.128 0.015 2.593 0.013 2.111 0.006 1.641 0.009 2.095 0.012 2.536 0.011 55 739.4
2.083 0.007 1.492 0.008 2.073 0.013 2.549 0.012 2.095 0.008 1.536 0.008 2.027 0.011 2.528 0.011 55 762.3
2.059 0.008 1.499 0.009 2.11 0.015 2.576 0.014 2.104 0.009 1.557 0.01 1.997 0.014 2.563 0.014 55 763.2
2.101 0.017 1.49 0.029 2.018 0.044 2.563 0.031 55 772.3
2.248 0.007 1.736 0.012 2.212 0.016 2.676 0.013 2.228 0.01 1.555 0.012 2.213 0.02 2.643 0.018 56 164.8
2.17 0.009 1.637 0.012 2.23 0.02 2.668 0.016 2.253 0.01 1.582 0.012 2.366 0.024 2.623 0.017 56 179.7
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Table A.2. V- and R-band photometry of HE 0047-1756, as in Fig. 9.
mag AV σA,V mag BV σB,V mag AR σA,R mag BR σB,R MJD
−0.21 0.003 1.251 0.007 −0.172 0.003 1.224 0.007 54 624.4
−0.202 0.003 1.243 0.008 54 626.4
−0.2 0.002 1.216 0.005 54 628.4
−0.204 0.002 1.241 0.006 54 633.4
−0.213 0.004 1.249 0.011 54 640.4
−0.214 0.004 1.264 0.009 −0.194 0.004 1.229 0.009 54 644.4
−0.221 0.003 1.251 0.008 −0.179 0.004 1.244 0.008 54 646.4
−0.222 0.003 1.237 0.007 −0.195 0.003 1.239 0.007 54 648.4
−0.23 0.005 1.222 0.012 −0.196 0.005 1.236 0.012 54 650.4
−0.211 0.002 1.245 0.005 −0.195 0.002 1.249 0.006 54 652.4
−0.216 0.003 1.252 0.008 −0.188 0.002 1.243 0.006 54 654.4
−0.22 0.003 1.225 0.006 −0.213 0.004 1.233 0.009 54 655.4
−0.229 0.005 1.227 0.012 −0.19 0.004 1.241 0.01 54 656.4
−0.233 0.004 1.272 0.011 −0.199 0.004 1.259 0.009 54 660.3
−0.236 0.006 1.194 0.015 −0.219 0.004 1.224 0.009 54 662.3
−0.202 0.004 1.248 0.009 54 664.3
−0.246 0.005 1.174 0.013 54 670.3
−0.232 0.005 1.221 0.011 −0.203 0.004 1.204 0.009 54 672.3
−0.256 0.003 1.17 0.007 −0.215 0.004 1.259 0.009 54 674.3
−0.264 0.003 1.203 0.008 −0.207 0.004 1.204 0.008 54 675.3
−0.26 0.004 1.193 0.008 −0.214 0.006 1.251 0.013 54 677.3
−0.26 0.004 1.227 0.01 −0.218 0.005 1.22 0.012 54 678.3
−0.275 0.004 1.19 0.009 −0.22 0.004 1.199 0.009 54 681.3
−0.271 0.004 1.192 0.009 −0.218 0.003 1.192 0.008 54 682.3
−0.264 0.003 1.17 0.007 −0.219 0.004 1.219 0.009 54 684.3
−0.272 0.005 1.179 0.011 54 686.3
−0.27 0.003 1.183 0.008 −0.218 0.004 1.195 0.008 54 688.3
−0.272 0.003 1.201 0.008 −0.207 0.005 1.162 0.011 54 690.3
−0.287 0.004 1.211 0.011 −0.219 0.005 1.168 0.012 54 698.3
−0.257 0.004 1.183 0.009 54 700.3
−0.257 0.004 1.157 0.009 −0.217 0.004 1.156 0.009 54 702.4
−0.265 0.003 1.173 0.007 −0.226 0.003 1.183 0.008 54 704.2
−0.262 0.004 1.202 0.008 −0.198 0.008 1.188 0.017 54 708.2
−0.269 0.003 1.201 0.008 −0.208 0.005 1.214 0.011 54 710.2
−0.254 0.004 1.178 0.01 −0.215 0.004 1.161 0.009 54 716.2
−0.262 0.003 1.189 0.009 −0.217 0.005 1.187 0.011 54 720.3
−0.226 0.007 1.181 0.02 54 724.2
−0.198 0.005 1.198 0.013 54 726.2
−0.201 0.004 1.17 0.01 54 728.2
−0.257 0.005 1.162 0.011 54 730.3
−0.23 0.01 1.258 0.022 54 732.3
−0.266 0.003 1.176 0.008 −0.214 0.004 1.169 0.009 54 734.3
−0.269 0.004 1.172 0.008 −0.216 0.003 1.155 0.007 54 736.3
−0.265 0.004 1.161 0.01 −0.215 0.005 1.183 0.013 54 738.2
−0.207 0.004 1.203 0.008 54 740.2
−0.344 0.003 1.092 0.006 55 066.4
−0.455 0.005 1.03 0.011 −0.37 0.005 1.045 0.011 55 067.4
−0.496 0.006 1.053 0.015 −0.367 0.005 1.069 0.011 55 068.3
−0.468 0.005 1.003 0.011 −0.361 0.003 1.098 0.008 55 070.3
−0.451 0.004 1.01 0.008 −0.343 0.003 1.09 0.008 55 071.4
−0.475 0.004 1.055 0.01 55 074.3
−0.478 0.004 0.997 0.011 −0.371 0.003 1.115 0.008 55 075.3
−0.488 0.006 1.019 0.019 55 086.4
−0.517 0.005 1.007 0.011 −0.389 0.003 1.082 0.008 55 087.3
−0.494 0.005 1.018 0.011 −0.394 0.003 1.074 0.006 55 088.3
−0.488 0.003 0.971 0.007 −0.388 0.003 1.081 0.007 55 089.4
−0.513 0.004 0.977 0.01 −0.395 0.003 1.068 0.006 55 090.3
−0.514 0.004 0.996 0.009 −0.393 0.003 1.062 0.006 55 092.3
−0.423 0.01 1.067 0.026 55 352.4
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Table A.2. continued.
mag AV σA,V mag BV σB,V mag AR σA,R mag BR σB,R MJD
−0.41 0.008 1.069 0.019 −0.32 0.003 1.158 0.008 55 355.4
−0.408 0.007 1.101 0.017 −0.325 0.003 1.177 0.008 55 359.4
−0.293 0.005 1.195 0.013 55 367.4
−0.384 0.006 1.15 0.017 −0.28 0.004 1.189 0.01 55 375.4
−0.376 0.007 1.124 0.02 −0.299 0.004 1.223 0.011 55 377.4
−0.365 0.01 1.107 0.025 −0.283 0.004 1.169 0.011 55 379.4
−0.361 0.011 1.139 0.025 −0.275 0.004 1.21 0.01 55 387.4
−0.284 0.003 1.222 0.007 55 389.4
−0.346 0.011 1.163 0.028 −0.27 0.003 1.201 0.008 55 391.4
−0.261 0.003 1.183 0.009 55 393.4
−0.323 0.007 1.133 0.016 −0.271 0.004 1.236 0.01 55 397.3
−0.347 0.008 1.18 0.021 −0.269 0.004 1.226 0.01 55 399.4
−0.327 0.008 1.149 0.019 −0.269 0.005 1.148 0.011 55 400.4
−0.338 0.006 1.197 0.017 −0.262 0.003 1.223 0.008 55 401.4
−0.349 0.008 1.202 0.024 −0.276 0.004 1.26 0.011 55 403.4
−0.342 0.007 1.266 0.019 −0.251 0.003 1.205 0.008 55 410.4
−0.339 0.006 1.225 0.017 −0.267 0.004 1.17 0.01 55 414.4
−0.328 0.007 1.203 0.019 −0.267 0.004 1.255 0.009 55 418.3
−0.325 0.011 1.22 0.027 −0.279 0.004 1.213 0.01 55 427.3
−0.314 0.005 1.206 0.013 55 723.4
−0.353 0.005 1.212 0.012 55 725.4
−0.422 0.015 1.154 0.041 55 726.4
−0.404 0.013 1.149 0.034 −0.336 0.005 1.211 0.013 55 736.4
−0.425 0.013 1.163 0.035 55 737.4
−0.416 0.009 1.156 0.023 −0.349 0.004 1.214 0.01 55 739.4
−0.4 0.01 1.217 0.029 −0.341 0.005 1.213 0.015 55 760.4
−0.402 0.011 1.183 0.032 −0.328 0.005 1.24 0.014 55 762.4
−0.414 0.009 1.225 0.025 −0.337 0.004 1.2 0.011 55 765.4
−0.404 0.012 1.169 0.03 −0.347 0.005 1.235 0.013 55 767.3
−0.398 0.022 1.281 0.063 −0.327 0.006 1.186 0.014 55 769.4
−0.423 0.009 1.249 0.023 −0.348 0.003 1.255 0.008 55 772.4
−0.366 0.006 1.203 0.025 55 775.4
−0.412 0.01 1.186 0.027 −0.353 0.005 1.249 0.013 55 779.4
−0.404 0.013 1.136 0.035 −0.336 0.006 1.192 0.015 55 784.4
−0.41 0.009 1.152 0.024 −0.358 0.004 1.258 0.013 55 793.3
−0.402 0.011 1.184 0.031 −0.335 0.005 1.217 0.015 55 794.3
−0.413 0.009 1.218 0.026 −0.347 0.005 1.231 0.013 55 795.3
−0.404 0.012 1.17 0.03 −0.342 0.006 1.207 0.014 55 804.3
−0.501 0.011 1.088 0.029 −0.405 0.012 1.107 0.029 56 124.9
−0.513 0.014 1.099 0.037 −0.416 0.01 1.109 0.025 56 127.9
−0.523 0.008 1.07 0.026 −0.448 0.005 1.178 0.015 56 134.8
−0.525 0.012 1.069 0.032 −0.45 0.009 1.108 0.022 56 135.9
−0.545 0.01 1.082 0.03 −0.454 0.007 1.154 0.021 56 139.9
−0.533 0.011 1.021 0.029 56 164.8
−0.541 0.01 1.033 0.027 −0.467 0.009 1.096 0.021 56 167.9
−0.532 0.008 1.117 0.021 −0.454 0.006 1.142 0.017 56 179.8
−0.53 0.012 1.096 0.031 −0.435 0.012 1.089 0.028 56 181.7
−0.535 0.01 1.11 0.029 −0.462 0.009 1.175 0.025 56 186.7
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